In this work, a new microstrip-to-substrate integrated waveguide (SIW) transition using the parallel half-mode substrate integrated waveguide (HMSIW) is proposed. The proposed transition consists of three sections : a microstrip, parallel HMSIWs, and an SIW. By inserting the parallel HMSIWs section between the microstrip section and the SIW section, the proposed transition can improve the return loss characteristics of the near cut-off frequency because the HMSIWs section has a lower cut-off frequency than the SIW section (8.6 GHz). The lower cut-off frequency is achieved through gradual electromagnetic field mode changes for a low reflection. The measured return loss is less than 20 dB in the of 9.1~16.28 GHz freqeuncy range for the back-to-back transition. The measured insertion loss is within 1.6 dB for the back-to-back transition. The proposed transition is expected to play an important role in wideband SIW circuits fed by a microstrip.
Ⅰ. Introduction
A substrate integrated waveguide (SIW), constructed with two parallel rows of via-holes in a metalized planar substrate, has become an attractive transmission structure because of its manufacturing simplicity and its benefits from the low production cost of the PCB process, compact size, low loss, and high quality factor. The SIW has been presented in the form of filters, couplers, dividers, and antennas. However, these components must be interconnected with planar structures to provide the means for measuring to allow the SIW components to be completely integrated with planar active circuits [1] , [2] .
Typical transitions for the SIW have been presented, including the tapered microstrip transition, the CPW transition, and the rectangular waveguide transition. The tapered microstrip transition has been widely used; it is a very simple structure and has low loss. The performance of the transition is better when compared to other microstrip transitions [3] ～ [6] or coplanar transitions [7] , [8] .
However, the conventional tapered microstrip transition is unable to cover the complete fundamental-mode SIW bandwidth. The operating bandwidth of the SIW commonly begins after some frequency band above the SIW's cut-off frequency. Thus, signals occupying the near cut-off frequency region experience distortion due to the variation in the propagation delay for different spectral components of the signal [9] .
This work presents a new microstrip-to-SIW transition using the parallel half-mode substrate integrated waveguide (HMSIW). The proposed transition consists of the parallel HMSIWs section between the microstrip section and the SIW section. The proposed transition can reduce the discontinuity effect due to the capacitance effect in the HMSIWs section and the gradual mode matching in the entire structure. The proposed transition has better matching characteristics than the conventional tapered microstrip transition in the fundamental-mode SIW bandwidth region. Thus, the combination of these three sections allows us to obtain broadband characteristics over the complete fundamental-mode SIW bandwidth. section, and the SIW section. The cut-off frequencies of the SIW mode and the HMSIWs are simply calculated as follows [2] , [10] . The SIW does not allow TM modes guidance. Therefore, single-mode bandwidth is guaranteed with the 10 TE mode related to the 20 TE mode [11] . Thus, similar to the conventional rectangular waveguide, the SIW bandwidth is defined between 1.25 c f and 1.9 c f ( c f :
Ⅱ. Structure and Design
fundamental-mode rectangular waveguide cut-off frequency) [12] . Therefore, the proposed transition should improve the matching characteristics between c f and 2 c f so that it has the complete fundamental-mode SIW bandwidth. By inserting the parallel HMSIWs section between the microstrip section and the SIW section, the proposed transition can improve the return loss characteristics of the near cut-off frequency because the HMSIWs section has a lower cut-off frequency than the SIW section (8.6 GHz). This is achieved through gradual electromagnetic field mode changes to obtain a low reflection ( 11 S <-20 dB). Fig. 2 is the geometry of the optimized transition. The SIW section is designed to have a cut-off frequency (8.6 GHz). For impedance matching, the microstrip taper connects the microstrip section to the parallel HMSIWs section. Using formulas (1) and (2), the width of the SIW is 12mm and the width of the HMSIW is 6mm. The proposed transition achieves impedance matching and mode transformation between different transmission sections (the microstrip, the parallel HMSIWs, and the SIW). Fig. 3 shows the parallel HMSIWs section. It has two HMSIWs and via-holes between the parallel HMSIWs. By inserting the via-holes on the parallel HMSIWs section, the matching characteristics of the proposed transition are improved by the ca- pacitance effect between the parallel HMSIWs and the via-holes. Fig. 4 shows the simulated cut-off frequencies to the via-holes diameter in the center of the parallel HMSIWs section. Using a 3D simulation tool (HFSS), the design structure is a parallel HMSIWs structure in a back-toback type from the microstrip line to the HMSIWs. This is confirmed by varying the diameter of the via-hole. Fig. 4 shows the simulated results of the via diameter from 0 mm to 1 mm. The diameter of the via-pad is designed 0.2 mm larger than the diameter of the via-hole in the center of the parallel HMSIWs section. In Fig. 4 , when the diameter of the via-holes increases, the cut-off frequency is lowered because of the capacitance effect. The HMSIWs section with the via-holes has a lower cut-off frequency than the SIW section (8.6 GHz). The proposed transition matches the matching at a lower frequency than 8.6 GHz. By inserting via-holes between the HMSIWs, the parallel HMSIWs section with the via has a lower fundamental mode cut-off frequency than the SIW section in the same width (12 mm). Thus, the proposed transition can improve the matching characteristics because the dispersive band moves to a lower frequency than the original guard-band.
2-1 Gradual Mode Transformation
Accurate impedance matching and complete mode transformation between different transmission lines are important for broadband characteristics. Thus, the transition is important to transform the electromagnetic field mode. Fig. 5 illustrates the proposed transition. It consists of 4 sections: the microstrip section (A-A'), the dividing section (B-B'), the parallel HMSIWs section (C-C'), and the SIW section (D-D'). The proposed transition can improve the matching characteristics because of the gradual mode matching of the entire structure. At first, the quasi-TEM mode in the microstrip section gradually changes to the quasi- 10 TE mode in the parallel HMSIWs section and the quasi- 10 TE in the parallel HMSIWs section gradually changes to 10 TE in the SIW section. Progressive changes in the electromagnetic field mode are achieved through the gradual changes to obtain a low reflection ( 11 S <-20 dB).
2-2 Simulated Results
The proposed transition has been optimized with a 3-D FEM simulator (HFSS), as shown in Fig. 1 , where a Taconic TLY-5 is used, with r e =2.2, d tan =0.0009, thickness=0.787 mm. The conventional tapered microstrip transition and the proposed transition are 48 mm and 49.2 mm long, respectively. Fig. 6 shows the simulated results of the conventional tapered microstrip transition and the proposed transition. Return loss characteristics of less than 20 dB are observed at the 11～18.6 GHz frequency range (the conventional tapered microstrip transition) and the 9.2～21.74 GHz frequency range (the proposed transition) for the back-to-back transition. As simulated results, the insertion loss of the SIW section without the HMSIWs section and the transition section is 0.06 dB at 10 GHz. In the bandwidth range of the proposed transition, the simulated insertion loss of the back-to-back transition is within 1 dB while that of the conventional tapered microstrip is within 0.99 dB. The matching characteristics of the proposed transition are better than the conventional tapered microstrip transition from c f (8.6 GHz) to 1.25 c f (10.75 GHz). Therefore, the proposed structure has good matching characteristics from 1.06 c f to 2.52 c f . In the bandwidth ran- ge, the insertion loss is the same for the conventional tapered microstrip transition and the proposed transition. The HMSIW structure relies on suppression of the dominant higher-order mode 20 TE . The 20 TE mode cannot propagate in such an HMSIW structure so that the bandwidth characteristics of the proposed transition can be enhanced [11] . A return loss of better than 25 dB is achieved in the complete fundamental-mode SIW bandwidth (from 1.25 c f to 1.9 c f ). proposed transition. A return loss of less than 20 dB was been observed in the frequency range of 0.22～14.9 GHz (the conventional tapered microstrip transition) and 9.1～16.28 GHz (the proposed transition) for the backto-back transition. A return loss of less than 15 dB was observed in the frequency range of 9.24～15.38 GHz (the conventional tapered microstrip transition) and 9.02 ～18.13 GHz (the proposed transition) for the back-toback transition. In the bandwidth range of the proposed transition, the measured insertion loss of the back-toback transition was within 1.6 dB while that of the conventional tapered microstrip was within 1.2 dB. As expected, the proposed transition was the improved return loss characteristics.
Ⅲ. Measured Results

Ⅳ. Conclusions
A new microstrip-to-SIW transition using the parallel half-mode SIW is proposed. This transition structure consists of three parts: the microstrip section, the parallel HMSIWs section, and the SIW section. Due to the gradual mode matching and the capacitance effecting in the parallel HMSIWs section, the proposed transition has better matching characteristics than the conventional tapered microstrip transition in the near cut-off frequency of the 10 TE mode. Experimental results of the back-to-back transition show that the measured insertion loss is within 0.7 to 1.6 dB and the 20 dB-return-loss bandwidth is from 9.1 GHz to 16.28 GHz (7.16 GHz). The 15 dB-return-loss bandwidth is from 9.02 GHz to 18.13 GHz (9.11 GHz). Thus, the proposed structure achieves a good matching over the complete fundamental-mode 20 dB-return-loss SIW bandwidth (from 1.05 c f to 1.9 c f ). In conclusion, the proposed transition can improve the return loss characteristics better than the conventional tapered microstrip transition. The proposed transition can cover the complete fundamental-mode SIW bandwidth. We expect the proposed transition play an important role in the active circuits and passive components based on the SIW. Dae-Keun Cho
